The polymerase chain reaction was used to selectively amplify sequences within the cholera toxin operon from Vibrio cholerae 01. Oysters, crabmeat, shrimp, and lettuce were seeded with V. cholerae and then homogenized or washed with alkaline peptone water, followed by short-term (6-to 8-h) enrichment. A detection limit of as few as 1 V. cholerae CFU per 10 g of food was obtained with amplification reactions from crude bacterial lysates. The method is extremely rapid and obviates the need for DNA isolation from a variety of complex food matrices.
The polymerase chain reaction was used to selectively amplify sequences within the cholera toxin operon from Vibrio cholerae 01. Oysters, crabmeat, shrimp, and lettuce were seeded with V. cholerae and then homogenized or washed with alkaline peptone water, followed by short-term (6-to 8-h) enrichment. A detection limit of as few as 1 V. cholerae CFU per 10 g of food was obtained with amplification reactions from crude bacterial lysates. The method is extremely rapid and obviates the need for DNA isolation from a variety of complex food matrices.
Strains of the gram-negative bacterium Vibrio cholerae 01 are responsible for seven recent world pandemics of cholera, a life-threatening diarrheal disease. After an absence of over a century, epidemic cholera resurfaced on the American continents in Peru in January 1991. As of June 1992, almost 500,000 cases had been reported in Peru alone, and an additional 120,000 cases were reported in other Latin American countries, with more than 5,000 fatalities recorded from 15 countries (20) .
The major virulence factor produced by V. cholerae is the cholera enterotoxin (CT), encoded by two contiguous genes forming the caxAB operon (18) . Although most environmentally isolated V. cholerae 01 strains do not carry the ctxAB operon, the U.S. Gulf Coast-coastal Mexico area is inhabited by enterotoxigenic V. cholerae 01 (2, 12, 21) . These strains, which are distinct from the indigenous strain, have recently been isolated from shellfish and finfish in U.S. Gulf Coast waters (5) . Molecular epidemiology, using DNA probes and biochemical assays, has established that these new strains are indistinguishable from those causing the current South American epidemic.
Cholera is usually transmitted by ingestion of contaminated water and foods. The advent of effective sewage treatment and drinking water disinfection virtually eliminated cholera from North America in the early 1900s, yet today, in some areas of Latin America, sewage-contaminated water remains the primary vehicle for cholera transmission. Indeed, use of sewage-contaminated waters to irrigate food crops has provided yet another route for spread of the disease. Worldwide, a variety of foods, including raw or incompletely cooked shellfish and other seafoods, have been implicated in outbreaks of cholera (27) . A recent isolated outbreak of cholera in Maryland, associated with consumption of frozen coconut milk from Asia, further demonstrates that frozen food products have the potential to spread cholera (3) .
Because toxigenic V. cholerae 01 can enter the U.S. food supply through contaminated imported foods, a rapid diagnostic method for surveillance of this microorganism is needed. Conventional microbiological methods for identifying V. cholerae in foods are reliable; however, they require several days to complete and thus may result in considerable * Corresponding author. loss of perishable foods (9) . The polymerase chain reaction (PCR) has the potential to detect microbial species by amplification of gene sequences unique to that organism (22) . Several PCR-based methods have been developed to identify various human pathogens in foods (11, 14, 16, 28) . Use of PCR for the detection of V. cholerae ctx sequences has also recently been reported (6, 15, 24) . These investigators used PCR to identify toxigenic V. cholerae in stools of patients with cholera, or as an alternative to other V. cholerae diagnostic methods, such as enzyme-linked immunosorbent assay or DNA colony hybridization. Here we describe a rapid (12-h) PCR method optimized for determining the presence of enterotoxigenic V. cholerae in foods (22) .
MATERIALS AND METHODS
Bacterial strains. A V. cholerae 01 El Tor Inaba ctxABbearing strain, C6706, a Peruvian human isolate, was used to seed foods for this study. This strain carries a single copy of the cixAB operon, as evidenced by a single 9.7-kb band after Southern blot analysis of NruI genomic DNA digests (unpublished data). All other strains used in this study were obtained from culture collections of the Food and Drug Administration (Table 1 ). V. cholerae was routinely grown in trypticase soy broth without glucose, and viable cell counts were determined by plating on trypticase soy agar. Outer surfaces of fruits and vegetables were seeded with V. cholerae, while seafood was usually seeded after blending.
Enrichment. The V. cholerae enrichment procedures were essentially the same as those previously described (9) . Briefly, for seafoods, 1 and 10% (wt/vol) alkaline peptone water (APW) homogenates were prepared with a Waring blender. Fresh fruits and vegetables were rinsed with APW in a sterile plastic bag (10% [wt/vol]), and the APW wash was transferred to a sterile container before incubation. APW washes and blends were incubated at 37°C for 6 to 8 h without shaking. Negative, uninoculated controls were included in each experiment.
PCR amplification of crude APW lysates. From each of the APW blends or washes, 1-ml portions were taken immediately and again after the 37°C incubation; no special effort was made to specifically collect surface growth (the pellicle), which was often lacking or obscured by floating food matter. The portions were boiled immediately for 5 min, frozen, and thawed before use. PCR reaction mixtures contained 10 mM 
RESULTS
Development of a clx-specific PCR method. Preliminary experiments indicated that APW crude lysates of enterotoxigenic V. cholerae pure cultures readily served as templates for PCR. Although amplification from pure overnight culture lysates was relatively simple, the true test of a PCR-based method for detection of food-borne V. cholerae is its robustness in terms of its application to diverse food types. The standard microbiological method (9) for detection of V. cholerae uses APW to wash the surfaces of fruits and vegetables suspected of contamination, whereas shellfish are typically homogenized. We investigated the influence of representative food matrices on ctx-specific amplification, using APW homogenates (1 to 10% [wt/vol]) of pasteurized blue crab meat or shucked raw oysters and 10% (wt/vol) APW washes of lettuce. Fresh shrimp and strawberries were examined similarly (results not shown).
Amplification of ctx-specific sequences was always observed with seeded fruit and vegetable APW washes, whereas seeded APW shellfish homogenates, notably 10% (wt/vol) blends of oysters or shrimp, often inhibited the amplification reaction (results not shown). We found, however, that by simply reducing the proportion of oyster or shrimp homogenate to 1% (wt/vol) in APW, the ctx-specific DNA fragment was readily amplified. Nonspecific priming and products were generally not observed with these APW washes or homogenates when 25 (Fig. 1) .
Lettuce samples were inoculated with approximately 1 CFU/10 g to establish the optimum APW enrichment period at 37°C. PCR reactions performed on crude APW lysates after 0, 4, 6, or 8 h of enrichment produced ctx-positive signals after only 6 h, although the signal intensity clearly increased after 8 h (Fig. 1) . Southern blot hybridizations with a nonisotopically labeled chemiluminescent oligonucleotide probe confirmed the ctx specificity of the 777-bp DNA fragments amplified but did not increase V. cholerae detection limits beyond that obtained by fluorescence visualization (Fig. 1) .
Specificity of ctx PCR. V. cholerae is frequently isolated together with other Vibrio species, including V. parahaemolyticus, V. vulnificus, V. fluvialis, and V. alginolyticus.
Additionally, the ctxAB genes share considerable nucleotide sequence homology (75 to 77%) with the eltAB genes that encode the Escherichia coli heat-labile enterotoxin (LT) (18 scribed, all of which might be expected to share some DNA sequence homology with the ctxAB genes (6) . To test the specificity of the ctx amplification, we subjected crude lysates of several enterotoxin-producing food-borne pathogenic bacteria and a number of Vibrio species to PCR. Shirai et al. (24) reported that 24-mer primers, which had three or four mismatches between the ctx and elt genes, gave a positive signal from LT-producing E. coli strains. Accordingly, we positioned primers P1 and P2 in regions of minimal homology between these genes, taking care to ensure that the 3' base of each primer was specific for ctx sequences (18) . During the course of this study we found that three other DNA sequence determinations of the V. cholerae ctxB gene (4, 10, 17) were in disagreement with that reported by Mekalanos et al. at positions 1386 and 1387 (numbered by the method of Mekalanos [18] ), and therefore we prepared primer P3 (described in Materials and Methods). Amplifications of lysates from several bacterial species, using primers P1 and P3, demonstrated that only V. cholerae strains carrying the c&xAB operon gave rise to a 777-bp fragment (Fig. 2) . DISCUSSION Perhaps the most important advantage of PCR over other DNA-based detection methods or immunoassays is its simplicity and speed (10 to 12 h). Unlike previously reported methods for identifying foodborne pathogens (11, 14) , this method obviates the cumbersome need for DNA extraction. The other clear advantage of PCR over other currently available V. cholerae assay methods is its sensitivity. Selective enrichment in APW for 6 to 8 h before amplification enhances the limit of detection considerably (at least 105-fold) and simultaneously demonstrates the presence of viable enterotoxigenic V. cholerae. The short 6-to 8-h enrichment period used here is possible because of the rapid doubling rate of V. cholerae in APW. Depending on the particular food matrix examined, our method detects as few as 1 to 100 bacteria per 10 g, well below the usual infectious dose by oral ingestion (8) . A recently developed dipstick immunoassay coupled with APW enrichment detects approximately 100 CFU/g (25) . While the PCR method described here has not yet detected V. cholerae in naturally contaminated food samples, it is currently being employed in several Food and Drug Administration field laboratories for this purpose.
Under ideal conditions, PCR can amplify from a single copy of a particular gene (and therefore a single cell) in a reaction mixture. Detection of low-copy-number targets requires a large number of PCR cycles, however, and ideal conditions are not likely to be encountered when crude food homogenates are used. Increasing cycles often leads to the formation of nonspecific amplification products that result from mispriming within nontarget sequences encountered in the sample or by "primer-dimer" formation. To optimize the sensitivity of this PCR method while maintaining a high degree of specificity, we found it preferable to allow exponential bacterial growth to amplify target copy number rather than to use increased numbers of amplification cycles to detect less target. This approach thus minimizes the chance that false positives, which may arise due to crosscontamination, might be generated during extended PCR cycling.
Primer P2 of our original primer set was mismatched at two base residues near the 5' end because of an incorrect sequence reported by Mekalanos et al. (18) . This primer mismatch had little apparent affect on the ability to amplify cixAB sequences from a wide variety of food sources in APW (Fig. 1) . Use of the correct primer sequence (P3) provided comparable sensitivity and, further, eliminated the amplification of some nonspecific fragments from E. coli strains occasionally observed with primer P2. Shirai et al. (24) reported elt amplification cross-reactivity with certain ctx primers, despite the presence of three or four mismatches between the primers and elt sequences. These findings suggest that PCR primer sequences must be carefully chosen for homologous gene families that are widely distributed in nature because the PCR also amplifies the products of polymerase infidelity in early cycles.
Polymerase infidelity might also be used beneficially to screen simultaneously for several different pathogenic bacteria that carry choleralike enterotoxin genes (e.g., E. coli LT+, Salmonella typhimurium SLT+). By choosing highly conserved protein domains and their gene sequences as primer sites, it should be possible to relax the stringency of amplification enough to detect sequences from a number of bacteria that contain choleralike enterotoxin genes. The specific identity of amplicons obtained can be established by allele-specific oligonucleotide hybridization or with nested primer sets. Work is currently in progress to develop a more general PCR method for detection of bacteria that carry CT-related enterotoxin genes.
